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Mineralization of Nitrogen in Soils Amended with Dairy Manure as Affected by
Wetting/Drying Cycles
INTRODUCTION
In the past two decades, an increased interest in maintaining soil and water quality for a sustainable environment has sparked great concerns about manure management. These concerns have been attributed to increased animal production in confined areas; there has been a decrease in the number of individual farms, and the number of animals on large farms has increased in concentrated areas. This has resulted in large amounts of manure being generated that have to be disposed of as waste. The most feasible method of disposal is land application, but improper land-application practices can result in nutrient contamination of groundwater and surface water, which increases human health and environmental risks. Therefore, it is imperative that the effects of manure application to soil under different abiotic conditions are understood to effectively utilize nutrients without causing adverse effects to the environment. Nitrogen (N) mineralization can be useful in quantifying the impact management practices and organic amendments have on soil functions and environmental quality. Understanding N-mineralization rates under different abiotic conditions could be important in managing N more efficiently.
Changes in N mineralization are directly related to microbial activity and biomass inputs, which are affected by abiotic factors. Nitrogen-mineralization processes are influenced by environmental factors, including temperature and soil moisture (Katterer et al. 1998) , soil wetting and drying cycles (Kruse, Kissel, and Cabrera 2004) , soil texture (Torbert and Wood 1992) , and soil characteristics (Schjonning et al. 1999; Gordillo and Cabrera 1997) .
Nitrogen mineralization has been shown to accelerate with increasing soil temperature under conditions found in agricultural systems (Cassman and Munns 1980; Eghball 2000) . It has been reported that decomposition is 3.7 times faster at 258C than at 158C and 13 times faster at 158C than at 58C (Vigil and Kissel 1995) . The effect of temperature on the rate of N mineralization can also change with latitude. Campbell et al. (1984) reported that soils in the northern region of the USA were affected more by incubation temperatures than Southern soils. Campbell, Jame, and Winkleman (1984) concluded that this was probably due to the decomposition rate, as a function of temperature, which is related to the amount of readily decomposable organic matter in the soil. Soils in northern climates, where the summer is shorter, have less decomposition occurring in a given year compared to soils in southern climates, which experience long summers.
Mineralization is also greatest when soil moisture is near field capacity and declines with soil drying (Cassman and Munns 1980) . Linn and Doran (1984) showed that in most soils microbial activity is optimum when soil water-filled pore space (WFPS) is near 60%, resulting in maximum organic matter decomposition. Anaerobic conditions tend to occur at a WFPS greater than 60%, thereby slowing the decomposition process. Knoepp and Swank (2002) found that there was a significant interaction between soil D. B. Watts, H. A. Torbert, and S. A. Prior 2104 moisture content and soil temperature in N mineralization. Soil temperature and moisture probably have the greatest influence on nitrification because of their importance in soil aeration. Franzluebbers et al. (1994) found that N mineralization can also be related to the amount of soil organic matter (SOM) present in the soil. Agronomic practices that build up SOM by adding crop residues back to the soil greatly impact the fertility of the soil, thereby, increasing the potential for N mineralization (Wood and Edwards 1992; Torbert, Prior, and Reeves 1999) .
Soil texture also affects the rate of N mineralization in soil. Soil texture that is more conducive to the retention of soil organic carbon (C) and N is associated with increased soil aggregation (Beare, Hendrix, and Coleman 1994) . In soils with high amounts of aggregates, the clay-sized particles are bound around organic material, thereby protecting organic matter from decay (Beare, Hendrix, and Coleman 1994; Jastow 1996) . When soil aggregates are destroyed, the organic matter is exposed to microbial attack.
Surface soils, in most ecosystems, experience periods of drying followed by relatively rapid rewetting cycles. It has been shown that mineralization rates of N are generally increased for a few days following rewetting of a dry soil (Birch 1958; Bloem et al. 1992; Cui and Caldwell 1997; Franzluebbers et al. 2000) . Soil undergoes complex physical, chemical, and biological changes under the impact of drying and rewetting, including changes to soil structure (aggregation), SOM, and microflora (Soulides and Allison 1961; Sorensen 1974; Utomo and Dexter 1982) .
Wetting and drying cycles have an influence on microbial activity, thereby affecting decomposition of SOM (Soulides and Allison 1961; Bloem et al. 1992; Magid et al. 1999) . Drying followed by rapid rewetting cycles generally causes an increase in organic substrate available for microbial attack (Soulides and Allison 1961; Sorensen 1974) . These substrates are partially derived from the death of a portion of the soil organisms upon drying (Lund and Goksoyr 1980; Bottner 1985) by causing microbes to undergo osmotic shock, which can induce microbial cell lysis (Bottner 1985; Van Gestel, Ladd, and Amato 1992) or lead to the release of intracellular solutes (Halverson, Jones, and Firestone 2000) . The labile substrates that become available (i.e., C and N compounds in the form of organic material) are rapidly mineralized by the remaining soil microbes, which causes a pulse in mineralization of N and C (Birch 1959; Keift, Soroker, and Firestone 1987) . Wetting and drying cycles have also been shown to cause soil aggregates to break apart, exposing physically protected organic matter to further degradation (Adu and Oades 1978; Lundquist, Jackson, and Scow 1999) . The organic matter that was previously unavailable can be rapidly mineralized by the microbial community (Appel 1998) .
A better understanding of soil under different textural, moisture, and temperature conditions from different climatic regions is needed to develop management practices that optimize N derived from manure. This could aid in a better quantification of N-use efficiency, because it is presently N Mineralization Affected by Wet/Dry Cycles 2105 estimated that efficiency is about 30 to 50% in most agricultural soils, subjecting the soil to excess leaching or runoff (Delgado 2002) . Therefore, information is needed on the relative rate of N being mineralized in soils amended with manure as affected by different climatic conditions. The objective of this study was to determine the impact of manure application on N mineralization in soils subjected to different temperatures and wetting and drying cycles under laboratory incubation conditions.
MATERIALS AND METHODS
Soil samples were collected from an ongoing precision agriculture experiment established in 2000 at Auburn University's E.V. Smith Experiment Station located in Macon County, Alabama, and compared to soil under long-term pasture management located in Champaign County, Illinois. Bulk samples (0 -15 cm) were collected from field plots and transported back to the laboratory for analysis.
Soil Description
Average annual precipitation and temperature in Macon County is 1422 mm and 178C, respectively. Two soil series evaluated from Macon County were Bama and Goldsboro. The Bama series consists of very deep, well-drained soils formed in loamy sediments. Slopes range from 0 to 5%. These soils are fine-loamy, siliceous, subactive, thermic Typic Paleudults. The Goldsboro series consists of very deep, moderately well-drained soils formed in loamy sediments. Slopes range from 0 to 2%. These soils are fine-loamy, siliceous, subactive, thermic Aquic Paleudults. The farming practice was conventional tillage, which receives inorganic fertilizer in a continuous cotton/corn rotation. The average annual precipitation and temperature in Champaign County are 938 mm and 118C, respectively. The Catlin soil series consists of moderately well-drained, moderately permeable soil on till plains and moraines. These soils formed in loess and in the underlying loam glacial till. Slopes range from 2 to 7%. These soils are fine-silty, mixed, mesic Typic Arguidolls. Farming practice for this soil consisted of pasture management.
Laboratory Analysis
Air-dried samples were ground to pass thorough a 2-mm sieve and subjected to chemical and physical analysis. Total C and N were determined by the DUMAS dry-combustion method using a CN LECO 2000 analyzer (LECO, St. Joseph, MI). Soil characteristics [pH, electrical conductivity (EC), cation exchange capacity (CEC), soil extractable calcium (Ca), magnesium (Mg), potassium (K), phosphorus (P), iron (Fe), manganese (Mn), zinc (Zn), copper (Cu), boron (B), and sodium (Na) as described by Hue and Evans (1986) and particle size] were measured by the Auburn University Soil Testing Laboratory. Composted dairy manure was obtained from compost piles located on the Auburn University dairy farm. Total N was measured using the DUMAS dry-combustion method. Soil properties are presented in Table 1 .
Incubation Study
An aerobic incubation experiment was performed similar to the procedure described by . Treatments were replicated in triplicates with 250 g of soil (oven-dried weight basis) amended with the appropriate amount of composted dairy manure to give 350 kg organic N kg 21 soil. Samples were thoroughly mixed and placed into 2-L Mason w jars. Deionized water was added to bring the soil moisture to approximately 60% WFPS. The controls were treated with deionized water only. Samples were incubated at three different temperatures (118C, 188C, and 258C) and exposed to two wetting/drying regimes. Half were maintained at constant moisture (60% WFPS), and the other half were cycled from 60% to 30% WFPS. Samples were aerated daily (2 h), at which time moisture content was adjusted gravimetrically as required. Cycled soils were allowed to reach 30% WFPS to complete a drying cycle. After undergoing a drying cycle, soils were rewetted by adding the appropriate amount of water to bring the soil back to 60% WFPS. On the day that cycled soils were rewetted to 60% WFPS, a subsample was taken from the cycled soil and its corresponding soil at constant moisture. Concentration of ammonium (NH 4 ) and nitrite (NO 2 ) þ nitrate (NO 3 ) were determined by extraction using 2 M KCl as described by Keeney and Nelson (1982) and measured colorimetrically using a Bran-Luebbe autoanalyzer (Bran-Luebbe, Norderstedt, Germany). The experiment was analyzed as a completely randomized factorial design with three soil types amended with and without manure and three incubation temperatures. Statistical analyses were performed using the GLM procedure of SAS (SAS Institute 1985) , and means were separated using least significant difference (LSD) at an a priori 0.10 probability level.
RESULTS AND DISCUSSION
Most of the N assimilated by plants is derived from inorganic N pools (NH 4 and NO 3 ) generated through the processes of N mineralization and nitrification. In this study, net N mineralization rates were determined from the change in the soil inorganic-N pool size over time where N mineralization at day 0 was subtracted from each cycle.
The addition of dairy composted manure to the incubated soil significantly increased the amount of inorganic N produced at the 11, 18, and 258C temperature regimens combined across both the constant and cycling moisture regimens (Figure 1 ). The amount of ammonium produced was not significantly higher in the soil containing manure compared to that of unamended soils. This result differs from that reported by Honeycutt, Griffin, and He (2005) , who used dairy manure in their study, and is probably because dairy compost was used in this study and the NH 4 had already undergone nitrification (NH 4 conversion to NO 3 ) or had been volatilized. 
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In the succeeding text, the amount of inorganic N is expressed as the sum of NH 4 and NO 3 . Also, the amount of inorganic N mineralized was corrected by subtracting soil amended with composted dairy manure from those unamended soils. It is assumed that ammonia volatilization was negligible because most of the N would be in a stable form (NO 3 ) and the compost was incorporated into the soil (Schilke-Gartley and Sims 1993; Hengnirun et al. 1999) . Denitrification was also assumed to be negligible because the WFPS was not greater than 60% (Linn and Doran 1984) .
Nitrogen Mineralization as Affected by Soil Type
Significant differences were observed resulting from soil types ( Table 2 ). The Catlin soil was significantly higher than the Goldsboro and Bama soils for day 0 and all of the sampling periods (Table 3 ). There were no significant differences observed between the Goldsboro and Bama soils for all of the sampling periods. These soils were collected from the southeastern region of the United States from soils under precision agriculture management. These results showed that land-use planning for agronomic and environmental sustainability may not be useful in manure management of soils that are historically nutrient poor. Note. Analysis of variance P . F LSD (0.10). Note. Means within column followed by the same letter are not significantly different at the 0.10 level using LSD values.
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By evaluating the soil characteristics (Table 1) , it can be shown that the Catlin soil greatly varies from the other two soils. Catlin soil has a higher CEC, total C, and total N. The total amount of inorganic N mineralized in the Catlin soil (Table 3 ) was 175 and 215% higher than the Goldsboro and Bama soil, respectively. Even though the Goldsboro soil has higher clay content and is considered to be a better soil than the Catlin, N mineralization was probably influenced by CEC, total N and C, and organic matter, resulting from the climate where the soil originated. Soils under cool wet climates tend to build up organic matter (e.g., Catlin), whereas soil from hot humid climates (Goldsboro and Bama) tend to promote organic matter decomposition, and high rainfall events tend to cause leaching. Because N mineralization is a process that is mediated by microbial activity, the microbial populations of soil from the northern climatic environments were probably more adapted to relatively low soil temperature, therefore causing a higher mineralization in the Catlin soil at 118C. As soil temperature increased, the Catlin soil experienced a faster decomposition, due to the residual organic matter.
Unlike results reported by Honeycutt, Griffin, and He (2005) , who performed a similar experiment, we did not observe N immobilization in the Catlin soil. They reported that soil with higher clay and silt contents showed greater N immobilization when amended with dairy manure compared to the other soils. Sorensen, Jensen, and Nielsen (1994) utilized sheep feces and also found N immobilization in soil that had the highest clay content. These soils were all compacted to the same bulk density. In the current study, the soil was compacted to the corresponding bulk density observed in the field where they were collected. Our results were similar to the laboratory incubation study of Linn and Doran (1984) , who found slightly less respiration with soil of different compactions across a range of WFPS compared with loose, porous soils. Torbert and Wood (1992) observed from sandy coastal plain soils that respiration (measure by amount of CO 2 evolved from soil) decreased 65% when bulk density was increased from 1.4 to 1.8 Mg m 23 at 60% WFPS. Thus, their results showed that bulk density could impact microbial activity. This also helps explain the higher N mineralization rate in the Catlin, which had the lowest bulk density (1.2 Mg m 23 ).
Nitrogen Mineralization as Affected by Soil Moisture
Soil incubation samples in this experiment were dried at different rates. Drying times varied depending on soil characteristics and temperature. Incubation jars containing a given soil at a particular temperature were sampled when the cycling moisture content reached 30% WFPS. In general, the amount of time required between each cycling period (to reach 30% WFPS) decreased as temperature increased. There was no significant difference observed between the constant and cycling moisture regimens for all soil types regardless of soil texture (Tables 2  and 4) . These results are similar to those of Griffin, Honeycutt, and He (2002) and Honeycutt, Griffin, and He (2005) . Unlike the results of other researchers (Birch 1964; Cabera 1993 ) who found that air drying the soil caused a flush in N mineralization, our results show that drying the soil to 30% WFPS was not sufficient to desiccate microbial cells, leading to a flush in N mineralization upon rewetting the soil (Griffin, Honeycutt, and He 2002) . Instead, the soil microbes probably adjusted the intercellular solutes to the given water stress level.
Comparing this study to other studies, the drying cycles were performed at a much slower rate than previous reports. The drying cycles in most of the other studies occurred within 1 -3 days, which can have an effect on the survival of soil microorganisms (Mikha, Rice, and Milliken 2005) . The drying period in this experiment at times took up to 3 weeks. It has been reported that soil drying occurring at a slow rate allows for microbial metabolic adjustment that could reduce mortality (Chao and Alexander 1984; Hartel and Alexander 1986; Roberson and Firestone 1992) . Also, the rate of soil drying conducted in this experiment is probably more comparable to that experienced under normal field conditions.
Nitrogen Mineralization as Affected by Soil Temperature
The amount of inorganic N mineralized was significantly affected by temperature (Table 2) , with the highest two temperatures mineralizing the most in this experiment (Table 5) . Dalias et al. (2002) reported that when soils were Note. Means within column followed by the same letter are not significantly different at the 0.10 level using LSD values. incubated at 4, 10, 16, 25, and 308C, N mineralization increased with temperature. This suggests that the increase in N pool was related to temperature, indicating an influence of thermal conditions on the degree of microbial exploitation of organic N sources. The soil and temperature interaction was significant ( Table 2 ). The Catlin soil showed the greatest difference between temperature regimens (Table 6 ). This is similar to the finding of Dalias et al. (2002) , who found that the optimum temperature for nitrification showed a good correlation with the geographic origin of the soil. This was also in accordance with Campbell, Jame, and Winkleman (1984) , who stated that the decomposition rate (as a function of temperature) was related to the amount of readily decomposable organic matter in the soil. Not all organic material decomposes at the same rate. For example, water-soluble carbohydrates, amino acids, and amino sugars have a short residence time in a soil. With an active microbial population under typical summer field conditions, these components are usually consumed within a week or two. Organic matter that is humified or derived from more resistant materials (lignin associated) has longer residence time under the same field conditions and may last years. In northern climates, where summers are cooler and shorter, less decomposition of organic litter and native soil organic matter will occur in a given year, resulting in a buildup of more easily decomposed material over time. In southern climates, summer is longer and warmer, allowing for more complete decomposition of most of the litter material. Over a long period in southern soils, only the most resistant organic materials are left behind, whereas in northern soils, both easily decomposable and resistant materials can accumulate (Campbell, Jame, and Winkleman 1984) . 
CONCLUSIONS
Nitrogen is one of the basic components of life and has a very important function in soil ecosystems. Understanding the effects of manure management in the soil ecosystem and how it relates to the N cycle is essential in determining N-use efficiency. From this study, it was concluded that temperature and region of soil origin could impact the rate of N mineralization of soils amended with composted dairy manure. Contrary to results of other studies, we found that soil subjected to cycling moisture regimens did not have a significant affect on the amount of inorganic N produced. The soil water-stress level imposed in this study suggests that the range may not have been high enough or the drying cycle rapid enough to cause a change in N mineralization. This was probably because the soil was not dry enough to desiccate microbial cells, which normally leads to a flush in N mineralization. There was less inorganic N mineralized from soils of the southeastern region (Goldsboro and Bama: Alabama soils) compared to that from the Midwestern region (Catlin: Illinois soil). Although the particle-size analysis of the Goldsboro soil indicates that it is a finer textured soil, the Catlin was more fertile because of the climate where the soil originated and therefore had a higher N-mineralization potential. Minimal differences were shown between the soil types from the southeastern region. This indicates that the use of precision management in land-use planning for N mineralization of different soil types of nutrient poor soils (resulting from humid climates and with high leaching potential) may not be useful. This information can also be useful in determining the timing and impact of manure application in different climates and seasons depending on the soil type. Further studies are needed that encompass more soils from different climatic regions to accurately determine the effects of climatic conditions and wetting and drying cycles on soil N mineralization.
